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Tyrosine-based sorting signals conforming to the mo-
tif YXXØ (Y is tyrosine, X is any amino acid, and Ø is an
amino acid with a bulky hydrophobic side chain
(leucine, isoleucine, phenylalanine, methionine, valine))
interact with the medium (m) subunits of clathrin adap-
tor (AP) complexes. We have analyzed the selectivity of
interaction between YXXØ signals and the m1, m2, and m3
(A or B) subunits of the AP-1, AP-2, and AP-3 complexes,
respectively, by screening a combinatorial XXXYXXØ
library using the yeast two-hybrid system. All the me-
dium subunits were found to prefer proline at position
Y12, suggesting that YXXØ signals are stabilized by a
bend in the polypeptide backbone. Other than for this
common preference, each medium subunit favored spe-
cific sets of residues at the X and Ø positions; these
preferences were consistent with the proposed roles of
the different adaptor complexes in rapid endocytosis
and lysosomal targeting. A considerable specificity
overlap was also revealed by these analyses, suggest-
ing that additional factors, such as the context of the
signals, must be important determinants of recognition.

Targeting of integral membrane proteins to compartments of
the endosomal-lysosomal system and to the basolateral plasma
membrane of polarized epithelial cells is largely dependent
upon sorting signals contained within the cytosolic domains of
the proteins (reviewed in Refs. 1–3). The signals consist of
short, degenerate sequences that conform to any of several
consensus motifs. One of the most extensively characterized
motifs contains a critical tyrosine residue within the canonical
sequence YXXØ (Y is tyrosine, X is any amino acid, and Ø is an
amino acid with a bulky hydrophobic side chain (leucine, iso-
leucine, phenylalanine, methionine, valine)) (Refs. 4–7; re-
viewed in Ref. 2). The activity of this type of sorting signal
requires that the critical tyrosine be in an unphosphorylated
state (8, 9). Tyrosine-based sorting signals conforming to the
YXXØ motif have been shown to interact directly with the
medium subunits m1, m2, and m3 (A or B) of the adaptor
complexes AP-1, AP-2, and AP-3, respectively (8–17) (m3A and
m3B are ubiquitous and neuronal-specific forms, respectively,

of the medium subunit of AP-3). YXXØ-adaptor interactions
result in selective incorporation of the integral membrane pro-
teins into coated vesicles that carry proteins to different desti-
nations within the cell. AP-1 is responsible for the delivery of
proteins from the trans-Golgi network (TGN)1 to the endoso-
mal-lysosomal system, whereas AP-2 mediates rapid internal-
ization of endocytic receptors from the plasma membrane (1–3).
Recent studies suggest that AP-3 is involved in an alternative
pathway of protein transport from the TGN or endosomes to
lysosomal compartments (18–22).

The involvement of the same type of YXXØ signal in pro-
tein sorting to different compartments raises a question of
specificity. It has been proposed that YXXØ signals are not
all functionally equivalent but may be recognized with a
characteristic fine specificity by each adaptor complex (2, 8).
Mutational analyses of tyrosine-based signals have sug-
gested that this is indeed the case, as both the identity of the
X and Ø residues and the position of the signal within the
cytosolic domain are important determinants of interactions
with different adaptor medium subunits (8). However, tar-
geted mutagenesis has proven too limited an approach for
defining the requirements for specific recognition of tyrosine-
based signals by adaptor medium subunits. A potentially
more powerful approach is the screening of combinatorial
libraries. This method has permitted a detailed analysis of
associations between phosphotyrosine-containing sequences
and protein interaction modules such as SH2 and PTB do-
mains (23, 24). In a previous study (11), we performed an
analysis of m2 binding specificity by screening a combinato-
rial XXXX tetrapeptide library using the yeast two-hybrid
system. All the tetrapeptides selected by m2 conformed to the
consensus sequence YXXØ, with YXRL tetrapeptides exhib-
iting the highest apparent affinity (11). However, attempts to
use the XXXX library to characterize the sequence prefer-
ences of m1, m3A, and m3B were unsuccessful because of the
presence of unfavorable amino acid residues (i.e. two ala-
nines) amino-terminal to the tyrosine residue (8).

We have now investigated the selectivity for interaction of
tyrosine-based sorting signals with m1, m2, m3A, and m3B
through screening of a new combinatorial XXXYXXØ library
using the yeast two-hybrid system. The results of these analy-
ses revealed that each medium subunit binds YXXØ signals
with distinct sequence preferences, although there is also a
considerable degree of specificity overlap.

EXPERIMENTAL PROCEDURES

Construction of a Combinatorial Library for Screening by the Yeast
Two-hybrid System—A DNA fragment encoding the 33-amino acid cy-
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tosolic tail of TGN38 (25) was engineered to delete codons for the last 12
amino acids and to add an EagI site by introduction of silent mutations
in place of the codons for Arg21 and Pro22 (AGGCCA to CGGCCG). This
construct was made by polymerase chain reaction using the following
primers: CGGAATTCCACAACAAACGA-AAGATTAT and CCGCTC-
GAGCGGCCGTCTAGTGACTTTGGATCT. The polymerase chain reac-
tion product was ligated into the EcoRI and SalI sites of pGBT9(TRP1)
(CLONTECH) to yield the plasmid pGBT9-TGND-EagI. A random oli-
gonucleotide library of sequence CCCGGCCGAAGNNNNNNNNNTAC-
NNNNNNNT(C/G)TGACTGCAGTC was annealed via a palindromic
sequence at the 39 end containing the restriction sites EagI and PstI
(underlined). After conversion to double-stranded DNA by mutually
primed synthesis, the oligonucleotide was digested with EagI and PstI
and ligated into pGBT9-TGND-EagI cut with EagI and PstI. Competent
Escherichia coli cells (Max Efficiency DH5a, Life Technologies, Inc.)
were transformed with the resulting plasmids to yield a combinatorial
DNA library with 1.3 3 107 transformants. The amino acid sequence
encoded by the resulting clones was HNKRKIIAFALEGKRSKVTRRP-
KXXXYXXØ. The critical tyrosine residue was fixed because it has been
shown that tyrosine is essential for interaction with the adaptor me-
dium subunits (8, 10). Fixing the tyrosine residue had the added ad-
vantage of reducing the complexity of the library. For the same reasons,
the last amino acid was restricted to Leu, Ile, Phe, Met, or Val. The
theoretical complexity of the library was 8.6 3 109 different amino acid
sequences. Ten library clones were selected at random and their nucleo-
tide sequences determined. The frequencies of the four nucleotides at the
N positions of this random sample were as follows: G, 20; A, 40; T, 75; and
C, 25. Based on these data, the expected frequencies for each amino acid
at the X positions were as follows: Ala and Asp, 1.95%; Cys, 3.66%; Glu,
1.17%; Phe, 13.73%; Gly, 1.56%; His and Pro, 2.44%; Ile, 10.25%; Lys,
2.34%; Leu, 15.56%; Met and Gln, 1.46%; Asn and Thr, 3.91%; Arg, 3.13%;
Ser, 9.28%; Val, 5.86%; Trp, 0.73%; Tyr, 7.32%; and stop codons, 5.86%.
The expected frequencies at position Y13 (Ø) were as follows: Phe,
26.04%; Ile, 13.89%; Leu, 36.46%; Met, 11.11%; and Val, 12.50%.

Two-hybrid Screening of the Combinatorial Library—The yeast
strain HF7c (MATa) (CLONTECH) was first transformed with
GAL4ad-m1, -m2, -m3A, or -m3B (all in the pACTII(LEU2) plasmid) and
plated onto yeast dropout agar plates lacking leucine as described in the
protocol for the MATCHMAKER two-hybrid system (CLONTECH). The
m2 construct used in the initial screening of the library was GAL4ad-
3M2 (10). This construct lacks four nucleotides at the 39 end of the
coding sequence and thus displays a weaker affinity for tyrosine-based
sorting signals. Use of this weakened m2 construct resulted in the
selection of only those signals that displayed the strongest affinity for
m2. Subsequent analyses of interactions of all of the isolated signals
with m2 were done using GAL4ad-m21E5 (26) encoding full-length m2;
this construct exhibits stronger binding affinity for YXXØ signals.
Transformants containing the different medium subunit constructs
were retransformed with the combinatorial DNA library and selected
on plates lacking leucine and tryptophan for selection of cotransfor-
mants and histidine for selection of interacting clones; colonies that
grew on these plates were tested for b-galactosidase activity. Colonies
expressing b-galactosidase were cultured in dropout medium contain-
ing leucine but lacking tryptophan to obtain cells carrying only the
library plasmid and not the medium subunit plasmid. The resulting
cells were then mated with the yeast strain Y187 (MATa) transformed
with each of the GAL4ad-m constructs or with pTD1–1 (SV40 large-T
antigen cDNA in pACTII; negative control for histidine auxotrophy and
b-galactosidase activity) to test the binding specificity of library clones.
Quantitative assays for growth in the presence of varying concentra-
tions of 3-amino-1,2,4-triazole (3AT, Fluka Chemie AG, Buchs, Swit-
zerland) and b-galactosidase chemiluminescence assays were per-
formed as described (14).

Statistical Analyses—Based on the sequences selected by each adap-
tor medium subunit from the combinatorial library, an experimental
(observed) frequency was calculated for each residue at each position of
the XXXYXXØ sequence. Preferences were evaluated by calculating the
difference between the observed and the expected frequencies (DF)
divided by the standard error of the difference (SED). SED values were
calculated according to the following error propagation formula,

SED 5 ~SEFO
2 1 SEFE

2!1/2 (Eq. 1)

in which SEF represents the standard error of the frequencies (O,
observed; E, expected) (27). SEF was calculated according to the
formula

SEF 5 @f~1 2 f!/n#1/2 (Eq. 2)

in which f is the residue frequency and n is the number of sequences
analyzed (27). We considered to be significantly different from 0 (ran-
dom) any DF/SED value above 2 (i.e. favored) or below 22 (i.e. disfa-
vored). In some cases, we lowered the stringency of the statistical
analyses and considered as significant values of DF/SED higher than 1
or lower than 21.

RESULTS

Screening of an XXXYXXØ Combinatorial Library Using the
Yeast Two-hybrid System—A combinatorial plasmid library en-
coding the sequence XXXYXXØ fused to the carboxyl terminus
of GAL4bd was coexpressed with GAL4ad-m1, -m2, -m3A, or
-m3B plasmid constructs into the appropriate yeast strain. Li-
brary clones that conferred the ability to grow in medium
lacking histidine and that exhibited b-galactosidase activity
when expressed in combination with either of the medium
subunits were isolated for further analyses. The total numbers
of clones isolated for each medium subunit were as follows: 36
for m1, 33 for m2, 52 for m3A, and 14 for m3B.

The amino acid sequences of the isolated XXXYXXØ clones,
as inferred from DNA sequencing, are listed in Fig. 1. Each of
these clones was tested for interaction with m1, m2, m3A, or m3B
using yeast two-hybrid plate assays (Fig. 1). The frequencies
with which specific amino acid residues appeared at each of the
X and Ø positions (i.e. observed frequencies) were compared to
the random frequencies predicted from the nucleotide compo-
sition of the library (i.e. expected frequencies) as described
under “Experimental Procedures.” The results of these analy-
ses for each of the medium subunits are shown in Fig. 2.
Positive or negative DF/SED values correspond to residues that
were favored or disfavored, respectively. Residues with DF/
SED values .2 or ,22, considered to be the most significant,
are shown in Table I. Also shown in Table I are some residues
with values of 1,DF/SED,2 or 21.DF/SED.22, which were
judged to be significant with a lower level of stringency. The
most salient features of the signals revealed by these analyses
are discussed in the following sections.

Degeneracy of YXXØ Signals—Previous studies of the func-
tion of YXXØ signals in intact cells established that the signals
are highly degenerate (Refs. 4–7, reviewed in Ref. 2; see also
Table II). The combinatorial analyses reported here confirmed
this characteristic of YXXØ signals at the level of interactions
with the adaptor medium subunits. The results showed that
there was no absolute requirement for the presence of specific
residues at any of the X or Ø positions. This contrasted with the
critical tyrosine (Tyr) residue that could not be substituted by
any other residue without a dramatic decrease in sorting ac-
tivity (2, 4–7) and binding affinity for the medium subunits
(8–11). Also of note is the fact that none of the sequences
isolated in the combinatorial screens conformed to the NPXY
motif, another consensus sequence for tyrosine-based endocytic
signals (28). This could be due to the presence of unfavorable
residues upstream of the first X residue of the library or to an
intrinsically lower binding affinity of NPXY motifs for the
medium subunits. Another possibility is that NPXY signals are
not recognized by the adaptor medium subunits but by other
components of clathrin coats. Although many different residues
were tolerated at the X and Ø positions of YXXØ signals, each
medium subunit exhibited characteristic preferences for cer-
tain sets of residues, as discussed below.

Preferences Common to All Medium Subunits—All medium
subunits displayed a clear preference for proline at Y12 (Fig. 2
and Table I). In addition, m1, m3A, and m3B, but not m2,
preferred arginine at Y23 (Fig. 2 and Table I). In general,
residues with hydrophobic side chains were disfavored at the X
positions (Table I).

m1 Preferences—m1 was found to prefer arginine at Y23,
serine at Y22, leucine or aspartic acid at Y21, proline at Y12,
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and leucine at Y13 (Ø) (Fig. 2 and Table I). Disfavored residues
were phenylalanine, leucine, or isoleucine at Y23, leucine at
Y22, isoleucine at Y21 and Y12, and phenylalanine, methio-
nine, or valine at Y13 (Ø) (Fig. 2 and Table I). Interestingly,
the sequences RSLYRPL and RSLYLPL were independently
isolated four and five times, respectively (Fig. 1). The high
frequency of these sequences may be due to the fact that they

contain all the residues identified as favorable for interactions
with m1 (Table I).

m2 Preferences—Preferences for m2 were glycine at Y23,
phenylalanine at Y22, proline at Y21, proline or arginine at
Y12, and leucine at Y13 (Ø) (Fig. 2 and Table I). The prefer-
ences for arginine at Y12 and leucine at Y13 (Ø) are in agree-
ment with the results from our previous screening of an XXXX

FIG. 1. Sequences and specificity of interactions of XXXYXXØ clones selected by m1, m2, m3A, or m3B. See “Experimental Procedures”
for details. The number of clones having the same sequence are indicated in parentheses. To analyze the specificity of interaction of XXXYXXØ
clones with the different medium subunits, the yeast strain HF7c (MATa) expressing each GAL4bd-XXXYXXØ clone was mated with the Y187
strain (MATa) expressing GAL4ad-m1, -m2, -m3A, -m3B, or -SV40 large-T antigen (T-Ag). Yeast transformants were plated onto dropout agar plates
lacking leucine, tryptophan, and histidine supplemented with X-gal plus isopropylthiogalactoside. This allowed simultaneous determination of
growth in the absence of histidine and b-galactosidase activity. Clones were considered to be positive if they were able to grow on the 2His plates.
Expression of b-galactosidase activity (dark blue colonies) identified the strongest interactions.
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combinatorial library (11). Disfavored residues were phenylala-
nine at Y12 and valine at Y13 (Fig. 2 and Table I).

m3A Preferences—m3A preferred arginine at Y23, aspartic or
glutamic acid at Y21, glutamic acid at Y11, proline at Y12,
and isoleucine at Y13 (Ø) (Fig. 2 and Table I). With a lower
level of statistical significance, glycine was also favored at Y21.
Disfavored residues were isoleucine at Y23, serine at Y11,
phenylalanine or leucine at Y12, and phenylalanine, methio-
nine, or valine at the Y13 (Ø) position (Fig. 2 and Table I).

m3B Preferences—m3B is a closely related homolog of m3A
(84% identity in primary sequence), which is expressed only in

cells of neuronal origin (29). Our laboratory previously demon-
strated that m3B binds YXXØ signals with relatively low affin-
ity in the yeast two-hybrid system (12). Consistent with this,
the number of YXXØ clones isolated for m3B was smaller than
those isolated for m1, m2, and m3A (Fig. 1). Moreover, even the
sequences that were selected by m3B interacted better with m1,
m2, or m3A (Fig. 1). m3B preferred arginine at Y23 and glu-
tamic acid at Y11. With a lower level of statistical significance,
m3B also displayed preferences for serine at Y22, aspartic acid
at Y21, and proline or glutamic acid at Y12 (Fig. 2 and Table
I). Phenylalanine was disfavored at Y13 (Fig. 2 and Table I).

FIG. 2. Statistical analysis of favored and disfavored residues. The preferences for residues within the XXXYXXØ sequence were inferred
from DF/SED values (y axis, see “Experimental Procedures” for details) at each position. Levels of significance were indicated by different gray
tones, the darker representing the most significant (DF/SED.2 or DF/SED,22).
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Overall, m3B preferences more closely resembled those of m3A
(Table I), as would have been expected from their high degree
of sequence identity.

Preferred Combinations of Two or More Amino Acid Resi-
dues—The description of preferences summarized in Table I
does not reflect the fact that some combinations of amino acid
residues within the same sequence were found at a frequency
that was severalfold higher than that expected from the ob-
served frequencies of the individual amino acids. For example,
the sequence XXGYXXF was selected by m2 with a frequency
that was 8-fold higher than that calculated from the observed
frequencies of glycine at Y21 and phenylalanine at Y13. This
means that, even though glycine or phenylalanine were not
individually favored at those positions (Fig. 2 and Table I), they

were preferred when present in combination. In contrast, the
sequence GXXYXRL was never selected by m2 even though
glycine at Y23 and arginine at Y12 were strongly favored
individually at their respective positions (Fig. 2 and Table I).
Similarly, although m2 prefers proline at Y21 and Y12, both
prolines were never found within the same signal (Fig. 1 and
Table I). Thus, cooperative and inhibitory interactions among
residues within a signal seem to contribute to the overall bind-
ing affinity. The best interpretation of these interactions is that
signals must be able to adopt a certain conformation to bind to
the medium subunits.

Specificity Overlap—In general, interactions of m2 with the
signals that it selected were the strongest among all interac-
tions examined, as determined by measurements of b-galacto-
sidase activity (data not shown) and assays for growth in liquid
media in the presence of varying concentrations of 3AT (a
histidine biosynthesis inhibitor) (14). For example, yeast cells
coexpressing full-length m2 with the sequences DITYVRL and
RSLYRRL were unaffected by concentrations of 3AT of up to 10
mM (Fig. 3), whereas yeast cells coexpressing either m1 or m3A
with any signal were completely inhibited at that concentration
of 3AT (Fig. 3 and data not shown). Most signals selected by m1,
m3A, and m3B bound to some extent to full-length m2 (Fig. 1).
Even signals that seemed to be specific for m3A (e.g. SFYYEEI)
on plate growth assays (Fig. 1) displayed interaction with m2
when tested by the more sensitive 3AT resistance assays (Fig.
3). There was also considerable overlap among the signals
recognized by m1, m3A, and m3B (Fig. 1). Taken together, these
observations suggest that m2 has the highest affinity and
broadest specificity for YXXØ signals.

DISCUSSION

The characteristics of YXXØ signals were originally defined
from functional analyses of protein sorting in live cells (4–7).
These studies established that YXXØ signals are highly degen-
erate (see Table II), with only the Tyr residue and a bulky
hydrophobic residue at the Ø position being essential for func-
tion. Mutations of residues adjacent to the critical Tyr altered
the function of some signals, although the mutated signals
retained some level of activity (4–8, 30,31). The identification
of the medium subunits of adaptor complexes as recognition
molecules for YXXØ signals allowed further characterization of
the properties of the signals using protein interaction tech-
niques such as the yeast two-hybrid system and in vitro bind-
ing assays (10,11). These techniques confirmed at a molecular
level that the Tyr and Ø residues are critical elements of the
signals and that residues adjacent to the Tyr contribute to
recognition by the different adaptor medium subunits. How-
ever, an important question that was not definitively answered
in previous analyses of signal-adaptor interactions was

TABLE I
Summary of preferences

This table summarizes some of the results shown in Fig. 2. Residues
were considered to be significantly favored or disfavored when their
DF/SED values were .2 or ,22, respectively. Residues in parentheses
were considered to be favored or disfavored with a lower level of statis-
tical significance (DF/SED . 1 or DF/SED , 21). Residues at the Y13
(A) position were judged to be favored or disfavored relative to other
residues with bulky hydrophobic side chains (leucine, isoleucine, phe-
nylalanine, methionine, valine).

m Preference Y23 Y22 Y21 Y Y11 Y12 Y13 (A)

m1 Favored R S L, D P L
Disfavored F, L, I L I I F, M, V

m2 Favored G F P P, R L
Disfavored F V

m3A Favored R D, E,
(G)

E P I

Disfavored I S F, L F, M, V
m3B Favored R (S) (D) E (P), (E) (L)

Disfavored F

TABLE II
YXXA-type signals involved in internalization

and lysosomal targeting
Sequences were obtained from either the GenBank or Swissprot

databases. The critical tyrosine is indicated in bold type. Three residues
on either side of the critical tyrosine are shown for comparison with the
XXXYXXA sequences isolated in the combinatorial screens. Some of the
internalization signals may also participate in transport to late endo-
somal compartments, the TGN, or the basolateral plasma membrane of
polarized epithelial cells.

Proteins Tyrosine-based signals

Internalization signals
Transferrin receptor (human) PLSYTRF
Asialoglycoprotein receptor H1 (human) TKEYQDL
CI Man 6-P receptor (bovine) SYKYSKV
CD Man 6-P receptor (bovine) PAAYRGV
CD1b (human) RRSYQNI
Poly-Ig receptor (mouse) DMAYSAF
HIV gp41 RQGYSPL
Iga (human) ENLYEGL
EGF receptor (human) SNFYRAL
CTLA-4 (human) TGVYVKM
Furin (mouse) LIS YKGL
TGN38 (rat) ASDYQRL

Lysosomal targeting signals
Lamp-1 (mouse) HAGYQTI
Lamp-2a (mouse) HTGYEQF
Lamp-2a (chicken) NTGYEQF
Lamp-2b (chicken) RTGYQSV
Lamp-2c (chicken) YAGYQTL
Macrosialin (mouse) QSTYQPL
CD63 (mouse) RSGYEVM
Acid phosphatase (human) PPGYRHV
CD3-g (mouse) EQVYQPL
HLA-DM (human) HSSYTPL
GMP-17 (mouse) RAEYETL
GMP-17 (human) RPGYETL
TRP-2 (mouse) RKGYAPL
Cystinosin (human) RPGYDQL

FIG. 3. 3AT growth inhibition assays. The strength of the inter-
actions between XXXYXXØ sequences and the m1, m2, and m3A sub-
units was evaluated by analyzing the effect of increasing concentrations
of 3AT on the growth of cotransformed yeast cells. Values on the y axis
are the ratios of optical density at 600 nm obtained in the presence or
absence of 3AT. Values are the mean 6 SD of triplicate determinations.
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whether each medium subunit recognizes a distinct set of
YXXØ signals. The results of the combinatorial analyses re-
ported here show that each medium subunit does exhibit a
preference for certain YXXØ signals; however, there is also
considerable specificity overlap among them (Fig. 4).

A preference common to all the medium subunits was proline
at position Y12. Naturally occurring signals containing proline
at Y12 are found in HIV-1 gp41, macrosialin, CD3-g, HLA-DM,
and TRP-2 (Table II). Proline is more conformationally re-
stricted than other amino acid residues due to the fact that the
bond between the a-carbon and the nitrogen atom involved in
peptide bond formation is fixed within an imidazole ring. Thus,
the preference for proline at Y12 suggests that the signals
need to adopt a certain conformation (e.g. a bend in the
polypeptide chain) to bind to the medium subunits; this confor-
mation could be a tight turn as previously proposed (32). An-
other preference common to m1, m3A, and m3B, but not m2, was
arginine at position Y23. This feature is present in signals
from CD1b, lamp-2b, CD63, GMP-17, TRP-2, and cystinosin
(Table II), most of which are involved in targeting to late
endosomal or lysosomal compartments.

The presence of hydrophobic residues at the X positions was
disfavored by all of the medium subunits. This observation is in
agreement with the low frequency of hydrophobic residues at
those positions in most naturally occurring YXXØ signals (Ta-
ble II). The preference for polar or charged residues could
indicate a participation of those residues in interactions with
like groups on the surface of the adaptor medium subunits,
where they may be exposed to the aqueous environment.

In addition to these general preferences, each medium sub-
unit displayed a characteristic set of preferences for residues at
the X and Ø positions. m1 preferences were relatively nonde-
script, the most salient being leucine or aspartic acid at Y21.
The only signal known to us that fulfills this preference is the
sequence ASDYQRL from TGN38 (Table II). Consistent with
this, replacement of alanine for aspartic acid in the ASDYQRL
sequence decreased interaction with m1 (8). Although the AP-1
complex is thought to be involved in lysosomal sorting to the
endosomal-lysosomal system from the TGN, to date the only
protein for which there is evidence for YXXØ-dependent, AP-
1-mediated transport to endosomes or lysosomes is lamp-1 (33).
The lamp-1 signal, HAGYQTI, binds m1 weakly in yeast two-
hybrid assays (8), consistent with the fact that it does not
match the m1 preferences described here. The intrinsic weak-
ness of this signal is likely compensated by its favorable posi-
tion within the lamp-1 tail, which makes it an efficient lysoso-
mal targeting signal (33). Given the paucity of data about the
effect of mutations on YXXØ-m1 interactions and on AP-1-
mediated protein sorting events, the significance of the m1

preferences described in this study remains unclear.
In contrast to m1, m2 preferences could be readily correlated

with functional data. As previously demonstrated (11), m2 pre-
ferred arginine at Y12, a feature that is found in the internal-
ization signals of at least two proteins, the transferrin receptor
and TGN38 (Table II). Also of note is the fact that several other
internalization signals (but only few lysosomal targeting sig-
nals) have basic residues (arginine or lysine) between the Tyr
and Ø residues (Table II). The importance of basic residues at
those positions for internalization was previously demon-
strated by Kornfeld and co-workers (4, 6), who showed that
mutation to alanine of the second lysine residue within the
signal YKYSKV of the cation-independent mannose 6-phos-
phate receptor decreased activity, whereas mutation to argi-
nine increased activity. Mutation of the arginine residue within
the TGN38 signal, ASDYQRL, to aspartic acid decreased both
interaction with m2 and internalization activity (8, 31). Another
preference of m2 was phenylalanine at Y22. We did not find
any naturally occurring signals that have phenylalanine at
that position. However, the YKYSKV sequence from the cation-
independent mannose 6-phosphate receptor has a Tyr residue
at Y22 that contributes to the internalization activity of the
signal (4, 6). Finally, m2 favored leucine at the Ø position, a
preference that is in accordance with the work of Gough and
Fambrough (34), who showed that signals having leucine at the
Ø position were more active in internalization than those that
had phenylalanine or valine. Placement of valine for leucine at
the Ø position of the TGN38 signal, ASDYQRL, also decreased
interaction with m2 (8). All of these correlations are consistent
with the idea that YXXØ-m2 interactions mediate
internalization.

Both m3A and m3B displayed characteristic preferences for
acidic residues immediately before and after the critical tyro-
sine. The preference for glutamic acid at Y11 is particularly
noteworthy because it is a characteristic of proteins targeted to
lysosomes or lysosomal-related organelles, such as lamp-2a,
CD63, and GMP-17 (Table II). GMP-17 is a multi-spanning
membrane protein localized to lytic granules of natural killer
cells and cytotoxic T cells (35), a type of secretory organelle
with endosomal-lysosomal characteristics. Mouse GMP-17 has
glutamic acid at both the Y21 and Y11 positions, suggesting
that this protein may be particularly suited for interaction with
m3A or m3B. Also interesting is the fact that m3A is the only
medium chain described to date that displays a preference for
glycine immediately before the critical tyrosine residue. As
shown in Table II, this is a characteristic of many, although not
all, YXXØ signals that function in lysosomal targeting (see also
Ref. 30). All of these data, together with recent genetic analyses
of AP-3 function (18–22), support a role for m3A/AP-3 in protein
sorting to lysosomes or specialized endosomal-lysosomal or-
ganelles, perhaps by a pathway that is alternative to or partly
redundant with that mediated by m1/AP-1.

Although the preferences revealed by the combinatorial
analyses provide clues to the roles of the different medium
subunits in specific sorting events, the importance of sequence
preferences should not be overestimated. Indeed, the medium
subunits can bind suboptimal signals in the two-hybrid assays,
albeit with lower apparent affinity. These lower affinity inter-
actions may in fact be physiologically relevant, as naturally
occurring signals are often not the strongest possible signals in
vivo (4, 6, 8). Moreover, the sets of signals preferred by each
medium chain overlap to a significant extent, especially with
m2 (Fig. 4). The fact that full-length m2 interacts with most
YXXØ signals, including those selected by m1, m3A, and m3B,
agrees with the evidence that most naturally occurring signals
are capable of mediating internalization (reviewed in Ref. 2).

FIG. 4. Conceptual representation of the overlapping specific-
ities of the different medium subunits. Examples of XXXYXXØ
sequences in each set are shown. The m2 set corresponds to signals
binding to the full-length protein encoded by the m21E5 cDNA (26).
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The broad specificity of recognition by m2 may also allow it to
serve a quality control function in which proteins that “leak” to
the plasma membrane are quickly endocytosed and retargeted
to their appropriate intracellular locations. m1A, m3A, and m3B,
on the other hand, interact with more limited sets of YXXØ
signals, although these sets also intersect (Fig. 4). Thus, these
observations argue against the notion that sequence prefer-
ences alone determine the specificity of recognition of YXXØ
signals within cells. In other words, a YXXØ signal cannot be
defined as purely endocytic or lysosomal solely on the basis of
its sequence. Rather, a combination of sequence and contextual
factors are likely to define the ultimate functional character of
the signals.

Among the contextual factors that contribute to the activity
of YXXØ signals is the position of the signal relative to the
membrane and to the carboxyl terminus of the protein. For
example, most lysosomal targeting signals are found at 7–8
residues from the membrane, a position that Rohrer et al. (36)
have shown to be critical for efficient sorting to lysosomes. In
addition, most lysosomal targeting signals occur at the car-
boxyl terminus of the proteins, a position that enhances inter-
actions with the medium subunits (8). Therefore, the position of
YXXØ signals within the tails of lysosomal integral membrane
proteins might provide for optimal recognition at sites of sort-
ing to lysosomes (e.g. the TGN or endosomes), whereas se-
quence features would “fine-tune” the specificity of the recog-
nition event. Another factor that is likely to affect signal
recognition is the aggregation state of the integral membrane
proteins. For instance, microaggregation caused by ligand
binding or changes in the pH or ionic environment as the
protein traverses different cellular compartments would be
expected to increase the avidity of the proteins for membrane-
bound adaptors. Finally, newly synthesized proteins encounter
the membrane-bound adaptors in sequential fashion as they
move through the secretory and endocytic pathways. Because
of the localization of AP-1 and AP-3 to TGN and endosomal
membranes, these adaptors have the opportunity to interact
with signals before proteins are delivered to the plasma
membrane.
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